We identify a 2-bit quantum gate that is sufficient to build any quantum logic network. The existence of such a 2-bit universal gate considerably simplifies the search for physical realizations of quantum computational networks.
We identify a 2-bit quantum gate that is sufficient to build any quantum logic network. The existence of such a 2-bit universal gate considerably simplifies the search for physical realizations of quantum computational networks.
We propose an explicit construction of this gate, which is based on cavity QED techniques and may be realizable with current technology.
PACS numbers: 89.70.+c, 03.65.Bz, 42.50.Dv The superposition principle and unitary time evolution, key features of quantum mechanics, make the simulation of quantum systems on standard classical computers difficult and in many cases (exponentially) computationally expensive [1] . This fact leads to the question of whether complex problems can be solved more efficiently using a computer based on fundamental quantum mechanical principles than with a classical computer. The formal definition of a quantum Turing machine [2] and the introduction of quantum complexity theory [3] showed the possible realization of quantum computation, and gave first hints of its increased power. Recently, Shor showed that the specific problem of factoring, which for known algorithms takes exponentially increasing time on a classical computer, can be solved in polynomial time using a quantum computer [4] .
Although presently existing computers use quantum mechanical effects for their operation, they are not quantum computers in the sense used in this paper. In standard electronic computers, the computational process strictly follows binary algebra and corresponds to a probabilistic Turing machine. The state of a classical computer can be determined at any time during the calculation. This is not possible for a quantum computer. Since quantum coherence must be maintained through the whole process, any measurement of an intermediate state would irreversibly influence the calculation.
A quantum computational network can be decomposed into so called quantum logic gates [5] , in analogy to the situation for classical computers. In an extension of earlier work on reversible computation [6, 7] , the universal quantum logic gate was defined [5] [5] we define an n-bit quantum logic gate by the 2"-dimensional evolution matrix S~a cting on l'P"&,", This gate changes the state of the quantum bit c ("target bit") only for input basis states in which both "control" bits a and b are equal to 1 (ab = 1).
The universal 2-bit quantum gate is a generalization of the reversible "measurement gate" [5] . (4) We note that, for r = 1, (SU ) = SM, so SU can be
considered a "square root of XOR. " To demonstrate the universality of (4) , it is sufficient to build a network from SU that performs the cemputation of the 3-bit Deutsch (~) gate S~. The evolution matrix of a gate operating on only two of three bits is given by the tensor product (S) of the 2-dimensional unity matrix with the respective quantum transformation.
For example the action of the above defined 2-bit gate on the bits b and c only is given
by SU| .~,~= -1,SUI-",~. We then find that consist of microwave cavities, Ramsey zones, and a set of two-level atoms. There is never more than one photon in a cavity, so the state of the cavity field can be described in terms of the basis states IO) and Il), corresponding to the vacuum and one photon states, respectively. The atoms are the carriers of the bits (between gates), and are described by the basis states Ig) and Ie), which correspond in the computational basis to IO) and I 1), respectively.
Two different kinds of atom-cavity interactions are used in our schemes. In the "on-resonant" atom-cavity interaction, the cavity is tuned exactly to the atomic transition, and the interaction Hamiltonian is given by Hcff R(A2/2)a a(Ie) &e I Ig) &g I), 2-bit gate SU, the operation U(P) with P = 7rr is (7) first performed (see Fig. 2 ). In addition, a conditional phase shift of 0 = 7r/4 needs to be carried out on the "target" bit b, which can be achieved [21] 
